A complete description of the regulation of metabolism in even a single cell will be very hard to achieve, enormous and indigestible. However, there are two powerful ways to simplify the complexity. Firstly, related processes and intermediates can be grouped into a small number of modules, and the regulation of the simplified system can be studied. Secondly, control analysis can be used. With these simplifications to illuminate the important regulatory features, even a full description could be made intellectually and experimentally accessible without distorting the essential regulatory features. Modular control analysis is powerful because it can quantify the relative importance of different flows of regulatory information through any metabolic, physiological, signalling or transcriptional network. It can answer global questions about the importance of different pathways mediating any change to a system. I t has been used to analyse how cadmium, a poison with multiple effects, changes oxidative phosphorylation in isolated mitochondria, and to quantify the regulation of energy metabolism in hepatocytes. I t has been used to measure how energy metabolism is regulated during mitogen stimulation of thymocytes, quantifying the relative importance of different signalling pathways and how each pathway contributes to the activation of energy metabolism. Recently, we have applied modular control analysis to modern DNA microarray expression profiling to measure the importance of different groups of mRNA transcripts in mediating physiological responses.
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Introduction
T h e pathways of metabolism and cell biology consist of complicated networks of interacting molecules. These networks contain regulatory systems that orchestrate and co-ordinate their activities in response to internal and external demands. A complete quantitative description of the regulation of such networks will be very hard to achieve. When such a description is made, it will be enormous and indigestible, making it difficult for the human mind to understand. Fortunately, the simplifications, generalizations and organizing principles that will be needed to understand the full description can be applied to much simpler and digestible descriptions of cellular function. By grouping related processes into a small number of modules, and using modular control and regulation analysis to illuminate the important regulatory features, even a full description could be made experimentally and intellectually accessible without distorting the essential regulatory features.
Metabolic control analysis
Metabolic control analysis [ 1 4 ] can be used to describe and quantify control and regulation in complex systems. Most experimental applications have been restricted to classical metabolic pathways and to the measurement of control coefficients, which describe how strongly each reaction controls the different variables in a system (the fluxes and the concentrations of intermediates). Flux control coefficients express the change in the rate of a pathway that would be caused by a small change in the activity of a reaction. Concentration control coefficients express the change in a metabolite concentration that would be caused by the same change in activity. Small values denote little control, while values near 1 show that the reaction has strong control. The strength of control exerted by a particular reaction is a system property: it depends on the kinetics of all of the reactions in the system.
Metabolic control analysis was first used experimentally on oxidative phosphorylation in the 1980s [S] . Since then, several research groups have used it to describe the control of this complex process in isolated mitochondria, intact cells, perfused tissues and living organisms [6-131. As a result, oxidative phosphorylation now provides the best example of the experimental application of metabolic control analysis.
Modular (top-down) control analysis
A top-down, or modular, approach to control analysis greatly simplifies the experiments that are required and the picture that is obtained [14-181. T h e complexity of the system is reduced by grouping reactions and reactants into large modules connected by a small number of explicit intermediates. Control and regulation can then be analysed much more easily in the greatly simplified modular system [ 17,191. A module can be of any complexity, containing enzymes, transporters, non-enzymic steps, many intermediates, compartments, feedback loops and allosteric interactions, but the interactions between modules should ideally take place exclusively through the explicit intermediates. For example, a module might contain all the reactions that use A T P in a cell, or all of the reactions catalysed by the mitochondria. This provides the first way to simplify metabolic complexity: group the components of the system into a small number of modules and solve the simpler problem of the interactions between these modules.
Regulation analysis
Measurement of control coefficients provides valuable insights into the importance of different modules in determining the rates and concentrations within a network. Control coefficients answer questions of the form "How strongly does A T P consumption control respiration rate ? " However, this is not what biochemists have traditionally wanted to know. T h e more familiar biochemical approach to regulation is to try to identify the routes by which an effector causes changes in the rate of a process. We might ask questions like " Does A T P consumption stimulate respiration rate because it lowers A T P concentration, which in turn stimulates a particular ATPsensitive step in the respiratory pathway ? "
Questions like this can be addressed very successfully by regulation analysis [20] , a subset of control analysis that has great explanatory and descriptive power [1, 6, , but which has still to be fully exploited. Regulation analysis divides a response into its component partial responses acting through each route in a network. T h e partial response coefficients quantify how strongly the effector acts on the target through each route in the system. They are calculated by taking the response of each intermediate to the effector, and multiplying it by the response of the target to that intermediate. They sum to the overall response.
We can measure system responses of the intermediates to the effector (effects that are transmitted through the whole system), then multiply them by the local responses of the target to the intermediates (the elasticities). T h e resulting partial response coefficients describe how the effector works through the system to cause changes in the direct activators of the target flux, and they quantify the importance of the route through each metabolite in transmitting the effects. Alternatively, we can measure the elasticities of the modules to the effector, then multiply them by the control coefficients that describe how strongly each module controls the target flux. T h e resulting partial response coefficients describe how the different direct actions of the effector propagate through the system to alter the target flux, and they quantify the importance of each primary effect on the modules in transmitting effects to the final target. Thus a response coefficient to a hormone quantifies its effect on the rate of a pathway, and partial response coefficients to the hormone show how each of the primary actions of the hormone contribute to the overall effect. Or, to answer the question "Does A T P consumption stimulate respiration rate because it lowers ATP concentration, which in turn stimulates a particular ATP-sensitive step in the respiratory pathway?", we would measure the partial response coefficients that describe how A T P consumption acts through each system intermediate to affect respiration rate, then compare the different regulatory routes to the overall response to see just how important the route through A T P might be.
This provides the second way to simplify metabolic complexity : measure the relevant partial response coefficients to generate a quantitative description of the flows of regulatory information within the system. Combined with the first way of simplifying complexity (grouping components into a few modules), this yields a simple but powerful set of tools to analyse complex biological systems. Regulation analysis has the potential to provide deep understanding of how steady states are maintained by the different internal interactions in a complex metabolic system, and how regulation by external effectors is propagated from the primary sites of action through different parts of the system to cause it to move to a new steady state. Regulation analysis can quantify the relative importance of different flows of regulatory information through any metabolic, physiological, signalling or transcriptional network. It can answer global questions about the importance of different pathways mediating any change to a system.
Regulation analysis of metabolic systems: mitochondria
T h e first experimental application of regulation analysis was the study of how cadmium, a toxic pollutant with multiple sites of action, regulates oxidative phosphorylation in isolated potato tuber mitochondria [30-341. T h e system was grouped into three modules (substrate oxidation, the proton leak pathway through the membrane, and A T P production) connected by a shared intermediate, the protonmotive force [30,3 11. The fluxes through the modules and the value of the protonmotive force showed complex responses to cadmium. For example, cadmium activated respiration rate under resting conditions but inhibited it when respiration was stimulated by addition of ADP. Intuitively, we could explain this by two observed antagonistic effects of cadmium : inhibition of substrate oxidation and stimulation of proton leak. The effect on proton leak must dominate during resting respiration while the effect on substrate oxidation must dominate when respiration is faster.
The calculation of partial response coefficients to cadmium allowed this intuitive view to be confirmed and expressed quantitatively [33,34].
T h e overall response coefficient of respiration rate to cadmium was divided into a set of partial response coefficients that quantified how cadmium acted on each module to produce its overall effect. The effect of cadmium on respiration rate acting through a particular module is given by the elasticity of that module to cadmium multiplied by the flux control coefficient of that module over respiration rate. Cadmium had little effect on respiration rate through primary effects on A T P synthesis (even when A T P synthesis was the dominant controller of respiration rate) because the elasticity of A T P synthesis to cadmium was low. Similarly, cadmium had little effect on respiration rate through primary effects on the proton leak when A T P synthesis was fast, even though the leak was very sensitive to cadmium, since the leak had little control over respiration rate under these conditions. Only when cadmium significantly affected a module that exerted significant control over respiration rate was there any effect on respiration rate via this module. T h e overall response coefficient to cadmium is given by the sum of the partial response coefficients, so the relative importance of the effects of cadmium on different modules under any defined condition was easily calculated. T h e regulation analysis allowed the regulatory loops within this simple system to be unravelled and understood in their system context, providing a powerful insight into how the primary effects on the system were relayed by the secondary effects to give the observed behaviour.
Regulation analysis of metabolic systems: hepatocytes
Regulation analysis has also been used to study metabolic regulation in more complex systems, particularly in isolated hepatocytes. Cells isolated from the hepatopancreas of aestivating land snails have strongly depressed mitochondrial respiration compared with non-aestivating controls [35,36].
Mitochondria1 respiration within intact hepatocytes was divided into the same three modules as above. Regulation analysis was used to determine which primary changes in modules during aestivation were responsible for the decreased respiration rate. This was done by measuring the responses (integrated elasticities) of the modules to aestivation, then multiplying these values by the control coefficients of each module over respiration rate to give the partial integrated response coefficients [37]. The partial integrated response coefficients showed that at least 75 % of the total response of mitochondrial respiration to aestivation was caused by primary changes in the kinetics of substrate oxidation, with only 25 o/ o or less of the response occurring through primary effects on ATP turnover. The kinetics of proton leak did not play a primary role in the response of mitochondrial respiration to aestivation, but the rate of proton leak was decreased strongly in aestivation as a secondary consequence of the primary changes in the other modules.
A more comprehensive analysis was carried out by Ainscow and Brand [3842] , who produced a full modular description of the regulation of energy metabolism in rat hepatocytes, quantifying the importance of the different routes by which each module passed metabolic information to the others to propagate rate changes in response to internal changes or to external hormones. T h e whole of hepatocyte energy metabolism was divided into nine modules connected by five intermediates. T h e elasticity of each module to each intermediate was measured by solving simultaneous equations following nine independent modulations of the system involving addition of inhibitors, alternative substrates, external metabolites and uncoupler. Following this, 45 concentration control coefficients and 72 flux control coefficients were calculated from the fluxes and elasticities [39] . These were used to calculate all of the partial internal response coefficients in the system to establish the key routes by which the metabolic modules communicated with each other when they exerted flux control [40] . T o address how glucagon and adrenaline changed the hepatocyte steady state, the partial integrated response coefficients of each of the system variables to the hormones were calculated [41] . They quantified, for example, how glucagon decreased glycolysis and increased oxidative phosphorylation without large changes in metabolite levels. Conversely, they showed that the failure of adrenaline to maintain glucose-6-phosphate at a constant level was due to a stimulation of glycogen breakdown and inhibition of glucose release that was not opposed by any increase in the activity of glycolysis. Together, the partial response coefficients allowed a full description and quantification of the regulation of energy metabolism in rat hepatocytes under the conditions used (cells from fed rats incubated with glucose and respiring on stored glycogen).
Regulation analysis of signalling pathways
Regulation analysis can also be applied to other networks in cell biology to measure the importance of different signalling routes in transmitting biological information. T h e regulation of energy metabolism during stimulation of thymocytes by the mitogen concanavalin A (ConA) has been measured, to quantify how different signalling pathways contribute to the activation of energy metabolism [43] [44] [45] [46] . Signal transduction was analysed at two levels. At the first level the relative importance of four different signalling modules How strongly did each signalling pathway affect respiration through the two modules of energy metabolism that produce or consume mitochondrial membrane potential ? At the second level of analysis the integrated elasticity of each module to that part of the ConA signal passing through each signalling route was calculated. Multiplication of this elasticity by the control coefficient of the module over respiration gave the partial integrated response of respiration to ConA through each signalling route. T h e coefficients showed that the identified signals activated respiration directly only through the module that consumed membrane potential. In contrast, the unidentified pathways stimulated respiration via the producers of potential much more strongly than via the consumers [44] .
T h e results show how control analysis can be used experimentally to quantify signaltransduction pathways. Large parts of metabolism or signal transduction were gathered into black-box modules, simplifying the application of regulation analysis to a system comprising both metabolic and signalling components. If required, resolution could be enhanced by using more inhibitors and measuring more intermediates.
Regulation analysis of gene expression
Recently, we have used regulation analysis to quantify how different modules of mRNA transcripts co-ordinate physiological responses. Partial response coefficients were used to quantify how different mRNAs cause physiological changes in response to effectors. We analysed published DNA microarray data [471 that reported doubling times and significant changes in the concentrations of 997 mRNAs in wild-type yeast and nine mutants of galactose metabolism in the presence and absence of galactose. We used the different mutations as modulations. mRNAs were clustered into a small number of modules by similarity of expression profile in the different mutants. T h e integrated response coefficients of the mRNA modules to galactose were multiplied by the responses of doubling time to each of these modules to give the partial response coefficients. These showed that more than 95% of the galactoseinduced change in doubling time was transmitted by one module, which contained only three mRNAs, all involved in galactose metabolism. Thus modular control analysis provides a novel and informative way to analyse and quantify geneexpression data. T h e method is generally applicable to modern DNA microarray expression profiling to discover and quantify the importance of different groups of mRNA transcripts in mediating physiological responses.
Conclusions
Regulation in complex biological systems can be measured using the powerful new tools of regulation analysis. Complexity can be greatly reduced by clustering reactions, pathways or intermediates into a small number of modules and analysing the simplified system. If more detailed information is needed, then the number of modules can be increased, but as finer detail is gained, the advantage of simplicity and ease of experimental analysis is progressively lost. Partial response coefficients measure the importance of different routes of information flow or interaction within the network of modules, providing a powerful way to discover which interactions are the most important for any specified output, Modular regulation analysis has already been successfully applied to a variety of metabolic, signal transduction and transcript expression systems, but the possibilities for its exploitation have only been explored in a limited number of examples: wider application in the future should help to produce a deeper understanding of the regulation of complex biological systems of many different kinds. 
